Anatoli G. Olkhovets, 1, 3 Harold G. Craighead, 1, 3 Carlo D. Montemagno 1, 2 * Biomolecular motors such as F 1 -adenosine triphosphate synthase (F 1 -ATPase) and myosin are similar in size, and they generate forces compatible with currently producible nanoengineered structures. We have engineered individual biomolecular motors and nanoscale inorganic systems, and we describe their integration in a hybrid nanomechanical device powered by a biomolecular motor. The device consisted of three components: an engineered substrate, an F 1 -ATPase biomolecular motor, and fabricated nanopropellers. Rotation of the nanopropeller was initiated with 2 mM adenosine triphosphate and inhibited by sodium azide.
Emergent fabrication techniques permit the construction of structures with features smaller than 7 nm (1-4). However, the construction of functional nanoelectromechanical systems (NEMS) is hindered by the inability to provide locomotive forces to power NEMS devices. The use of biomolecular motors such as enzymes offers an interesting alternative to silicon-based systems (5, 6) . A number of enzymes such as kinesin (7, 8) , RNA polymerase (9), myosin (10), and adenosine triphosphate (ATP) synthase (5, 6, 11, 12) function as nanoscale linear or rotary biological motors. The integration of biomolecular motors with nanoscale engineered systems enables the development of hybrid organic-inorganic devices capable of using ATP as an energy source. This approach may enable the creation of a new class of sensors, mechanical force transducers, and actuators. The F 1 -ATPase enzyme, which hydrolyzes ATP in living systems, is an excellent candidate for integration with NEMS for construction of rotary biomolecular motor-powered nanodevices (5, 6) . The F 1 -ATPase molecule, ϳ8 nm in diameter and 14 nm in length, is capable of producing ϳ80 to 100 pN⅐nm of rotary torque (11, 12) . These characteristics of F 1 -ATPase are compatible with the sizes and force constants of currently producible nanomechanical structures (5, 6) . In addition, genetic modification of the F 1 -ATPase sequence and structure has been used to precisely position individual F 1 -ATPase molecules on engineered nanofabricated substrates (13) . Previous studies have shown that actin filaments (5 nm in diameter and 1 to 4 m in length) can be attached to the motor using biochemical techniques, and the resulting rotary motion can be visualized (11, 12) . The integration of F 1 -ATPase motors and nanofabricated mechanical systems, however, presents considerable engineering challenges with regard to the organic and inorganic interface (e.g., attachment chemistries, adhesion forces, and materials compatibility).
Our biomolecular motor-powered NEMS device consisted of three primary elements: (i) engineered, nanofabricated substrates of nickel (Ni) posts; (ii) recombinant F 1 -ATPase biomolecular motors specifically engineered to selectively interface with nanofabricated structures; and (iii) engineered nanopropellers (Fig. 1) . These elements were integrated into a functional unit using sequential attachment chemistries. Recombinant F 1 -ATPase biomolecular motors were biotinylated immediately after purification and were then attached to the Ni posts using 10ϫ histidine 1 Nanobiotechnology Center, 2 Department of Agricultural and Biological Engineering, 3 School of Applied and Engineering Physics, Cornell University, Ithaca, NY 14853, USA.
*To whom correspondence should be addressed. Email: cdm11@cornell.edu tags engineered into the ␤-subunit coding sequence (5, 6) . Streptavidin was then bound to the biotin residue on the ␥ subunit tip. Ni nanopropellers coated with biotinylated histidine-rich peptides were attached to the bound F 1 -ATPase motors through a biotin-streptavidin linkage.
A thermostable F 1 -ATPase from Bacillus PS3 was cloned, modified, and purified as described (5, 6, 14) . The recombinant F 1 -ATPase was labeled with biotin maleimide using an engineered unique cysteine residue on the ␥ subunit. The activity of the enzyme was determined using an ATP regeneration assay (11, 15) .
Engineered, nanofabricated substrates were constructed as the base for the device and for attachment of biomolecular motors. Ni posts (50 to 120 nm in diameter and 200 nm high) were fabricated to prevent problems associated with increased drag on propellers due to the close proximity to the base surface. Precleaned round glass cover slips (25 mm) were coated with silicon dioxide (SiO 2 ) using plasma-enhanced chemical vapor deposition and were then coated with 4% polymethyl methacrylate (PMMA). A thin gold conductive layer was thermally evaporated onto the resist-coated slide for electron-beam (e-beam) lithography. The exposure pattern written onto the cover slip consisted of dots with a 2.5-or 5-m horizontal and vertical pitch and a series of border marks to identify the post region (16) . The average post measured 50 to 120 nm in diameter, depending on the e-beam exposure dose. Slides were etched with potassium iodine for removal of gold and were then immersed in methyl isobutyl ketone: isopropanol (MIBK:IPA) to develop the features. Electron gun evaporation was used to form the Ni caps on the posts. The surrounding PMMA and residual Ni were removed using acetone and methylene chloride. The posts were formed by etching the SiO 2 layer to the appropriate height with the use of a plasma-induced reactive ion etch process.
The propeller dimensions were optimized for both optical detection and minimal friction during rotation. The propellers (150 nm in diameter and 750 to 1400 nm long) were fabricated on PMMA-coated silicon wafers using e-beam lithography, and features were then developed with MIBK:IPA (17) . Electron gun evaporation was used to deposit Ni for formation of the propellers; residual PMMA and Ni were removed with methylene chloride and acetone. After isotropic etching with 60% KOH to remove the propellers, the etchant was removed by dialysis and the propellers were collected by centrifugation at 500,000g for 15 min and resuspended in 1ϫ phosphate-buffered saline (PBS). The propellers were then coated with a biotinylated His-rich peptide (NH 2 -CGGSGGSHHHHHH-COOH, where C ϭ Cys, G ϭ Gly, H ϭ His, and S ϭ Ser) to facilitate attachment to the ␥ subunit of F 1 -ATPase, then dialyzed to remove extraneous peptide and biotin (18) .
The functional device was constructed by ordered, sequential addition of the individual components. A 100-l aliquot of biotinylated F 1 -ATPase biomolecular motors (1 mg/ml in 10 mM phosphate buffer, pH 7.0) was placed directly on the engineered Ni substrates. The F 1 -ATPase molecules were allowed to diffuse and bind to the Ni for 15 to 30 min. Substrates were washed three times with Buffer A [10 mM MOPS-KOH ( pH 7.0), 50 mM KCl, 5 mM MgCl 2 , and bovine serum albumin (10 mg/ml)]. A 100-l aliquot of streptavidin (50 g/ml diluted in Buffer A) was placed on the substrate and incubated for 15 min, followed by three washes with Buffer A. Finally, a 100-l aliquot of the peptidelabeled nanopropellers was placed on the substrate and incubated for 15 to 30 min. The substrate was washed three times with Buffer A and mounted in a custom-fabricated flow cell.
Observations of propeller rotation were made using 100ϫ oil immersion or 60ϫ water immersion and were captured using a charge-coupled device (CCD) video camera. Buffer A was used to fill the flow cell containing the device until the patterned array (i.e., alignment marks) was located, at which time the buffer was replaced with Buffer A plus 2 mM Na 2 ATP. To demonstrate the rotation dependency of the propeller, we added 10 mM sodium azide (NaN 3 ) to the flow cell to inhibit the activity of the F 1 -ATPase motor. Rotation of propellers in the absence of ATP (i.e., Buffer A alone) also was examined to demonstrate the functional dependency of the device on the F 1 -ATPase biomolecular motor.
Of about 400 total propellers, five rotated continuously in an anticlockwise direction (Fig.  2) . Rotating propellers were generally attached at a point 1/4 to 1/3 of the total propeller length from the end of the propeller, but did not show any preferential point of attachment. The majority (ϳ80%) of the nonrotating propellers did not display any Brownian fluctuation; this suggests that the propellers either were attached to more than one F 1 -ATPase motor or were bound to the motor as well as the substrate. However, it is highly unlikely that the propellers (750 nm long) were attached to multiple motors, because of the spacing (Ն2.5 m) of the Ni posts.
The rotational velocity of the device varied considerably from 0.74 to 8.3 revolutions per second (rps), with a mean velocity of 4.8 Ϯ 0.8 rps (Fig. 3) . Variation in angular velocity was caused by different lengths of the nanopropellers used in various experiments. Detailed analysis of two propellers of differing lengths revealed two distinct rotational velocities, depending on the point of attachment and length of the propeller (Fig. 3) . The mean rotation velocity of rods that were 750 and 1400 nm long was 8.0 Ϯ 0.4 and 1.1 Ϯ 0.1 rps, respectively. Momentary pauses were occasionally observed during rotation. Backward steps and teetering between catalytic sites have been reported previously (9, 10), but were not observed during these experiments. The absence of these backward steps may be due to the maintenance of a high ATP concentration in the chamber; during the course of all experiments, the ATP solution was replaced every 10 min to provide a continuous fuel supply for the motor.
About 2 hours after the initial infusion of ATP into the chamber, the first rotating propeller was located and data collection began. Data were recorded for 30 min, until the propeller broke away from the motor. This result suggests that the device was functional for 2.5 hours during the first experiment, assuming that rotation began immediately upon initial infusion of ATP. Observations of other propeller-molecular motor assemblies confirmed the long life of this construct and are longer-lived than those previously reported with actin filaments (11, 12) .
The addition of 2 mM ATP and 10 mM NaN 3 caused the device to cease rotation, hence the rotation of the propellers was due to F 1 -ATPase motors. The difference between the rotation rates with and without NaN 3 was significant (P Ͻ 0.01, Mann-Whitney rank sum test). Previously rotating propellers fluctuated because of Brownian forces, but they did not rotate consistently (Ͻ0.3 Ϯ 0.01 rps) as they had before the addition of NaN 3 . Rotation was also not observed in the absence of ATP.
Because the exact dimensions of the propeller, post, and motor are known, the work done by the F 1 -ATPase motor was accurately determined. The drag force per unit length for a propeller moving near a surface was calculated as
( 19), where h is the height of the cylinder axis relative to the surface (200 nm), U is the linear velocity, r is half the width of the propeller (75 nm), and is the viscosity of the medium (10 Ϫ3 N⅐m s Ϫ2 ). For small h, most energy dissipation happens in the propeller-substrate gap (20) , so we can approximate the total drag by the sum of the drag forces on small segments of the propeller. The total drag torque is calculated by the integration along the length of the propeller
where is the rotational velocity and L 1 and L 2 are the lengths of the propellers extending from the rotational axis. The calculated total torque on the motor was ϳ20 pN⅐nm for the 750-nm propellers (mean rotational velocity of 8.00 rps, attached ϳ200 nm from the end) and 19 pN⅐nm for the 1400-nm propellers (mean rotational velocity of 1.1 rps, attached ϳ350 nm from the end). The energy used (E ϭ 2) to complete one revolution of the propellers was 119 to 125 pN⅐nm. About 240 pN⅐nm of energy is released by hydrolysis of three ATP molecules, assuming -12 kcal/mol ATP under physiological conditions (21) . Thus, the measured efficiency of the motor is ϳ50%. However, the free energy of ATP hydrolysis depends on the concentration of Mg 2ϩ and Ca 2ϩ in solution, and has been reported as -7.3 kcal/mol (21) or ϳ150 pN⅐nm, giving a measured efficiency of ϳ80%. These energy and efficiency values are in contrast to previous reports of 100% efficiency by F 1 -ATPase from Bacillus PS3, Escherichia coli, and spinach chloroplasts (11, (22) (23) (24) . The values of 100% efficiency for the various F 1 -ATPase types also were calculated on the basis of -12 kcal/mol ATP. The efficiency values reported here are based on more accurate estimates of the propeller length compared to the actin filaments, as well as an empirical accounting of the vertical position of the propeller with respect to the surface. Out-of-plane wobble and drag associated with the close proximity of the propeller to the top of the post may account for additional torque placed on the motor, but these phenomena are relatively insignificant with respect to the overall torque.
Our experiments demonstrate the ability to integrate biomolecular motors with nanoengineered systems to produce functional nanomechanical devices. Manipulation of individual components and attachment chemistries should help to refine the construction of these devices and improve the complexity of devices, as well as increase the efficiency and success of the assembly process. Observations were made using 100ϫ oil immersion or 60ϫ water immersion and were captured with a CCD video camera (frame rate 30 Hz). The rotational velocity ranged from ϳ0.8 to 8.3 rps, depending on propeller length. Data were recorded for up to 30 min; however, propellers rotated for almost 2.5 hours while ATP was maintained in the flow cell. These sequences can be viewed as movies at the Nanoscale Biological Engineering and Transport Group Web site (http://falcon.aben.cornell.edu/News2.htm). 
